Abstract Smallholder farmers in Uganda commonly use seed potato tubers from the informal sector, especially by seed recycling over several generations. Therefore, seed tubers are highly degenerated with viruses and other pathogens, resulting in poor yield and quality of the produce. Over one cycle of multiplication, degeneration management by positive seed selection was found to be efficient in reducing virus diseases compared with the farmers' method of selection. The objective of this study was to assess to what extent positive selection over several seasons can reduce six different virus incidences in seed lots of different starting quality in southwestern Uganda. Multi-seasonal trials were carried out in three locations, with five seed lots from four sources and three cultivars. Detection of viruses was based on DAS-ELISA and Luminex xMAP technology. Analysis was carried out with analysis of variance (ANOVA) on angulartransformed percentages of virus incidence. Results showed fluctuations in some viruses over seasons with lower Potato leafroll virus (PLRV) and Potato virus X (PVX) incidences in lots from positive selection compared with lots from farmers' selection. In contrast, some seed lots were initially highly infected with Potato virus S (PVS) and Potato virus M (PVM) and showed no reduction in virus incidence through positive selection. In general, little infection with Potato virus Y (PVY) and Potato virus A (PVA) was found. Based on these results, it is recommended that smallholder farmers are trained in positive selection to opt for less virus-infected plants and tubers, thus increasing potato production.
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Introduction
In Uganda, potato is an important food and cash crop for farmers. However, low productivity of the crop associated with poor quality of harvested tubers is a major concern. Potatoes are vegetatively propagated by means of tubers, called seed tubers, from the harvest of a seed potato crop or selected from the harvest of a ware potato stock. Final yield and tuber quality of ware potatoes depend on the quality of the planted seed tubers (Struik and Wiersema 1999) . Poor seed tuber quality is a major production constraint, especially in Eastern Africa, including Uganda (Gildemacher et al. 2009; Thomas-Sharma et al. 2016) . Farmers in Uganda have poor or no access to high-quality seed and commonly use their own recycled seed potatoes, or seed tubers from the informal sector, including the local market, family, or neighbours (Gildemacher et al. 2009; International Potato Center 2011) . Farmers generally select seed tubers from the bulk of the potato harvest based on seed size and visual inspection; this method is further referred to as farmers' selection.
Degeneration of seed potatoes can be defined as a decline in seed potato quality by a build-up of pathogens and pests over subsequent generations and is primarily caused by viruses (Loebenstein and Gaba 2012; Thomas-Sharma et al. 2016) . It occurs when seed tubers are recycled for several subsequent field generations under conditions that are conducive to (re-)infection. Incidence of potato viruses in potato seed tubers can be high, and these viruses can significantly reduce seed tuber health status (Salazar 1996; Kinyua et al. 2012) . Substantial yield reductions with Potato leaf roll virus (PLRV) of up to 90% have been reported (Jeffries, 1998; Guzmán-Barney et al. 2012 ). According to Fuglie (2007) , especially PLRV, Potato virus Y (PVY), and Potato virus X (PVX) cause severe yield and quality losses for potato farmers in Sub-Saharan Africa.
In general, two ways of virus infection are taking place: primary virus infection and secondary virus infection. Primary virus infection occurs when a healthy potato plant becomes infected with a virus. The virus multiplies in the plant, and virus particles systemically translocate to the tubers. Secondary infection occurs when infected daughter tubers are planted as seed, and therefore the plant and the next generation of tubers become infected, albeit not always for the full 100% (Bertschinger et al. 2017) .
Primary infection can only occur through transmission of virus. Aphids are the main vectors spreading virus diseases like PLRV and Potato virus A (PVA), whereas PVX is only transmitted mechanically. PVY, Potato virus S (PVS), and Potato virus M (PVM) can be transmitted in both ways (de Bokx and van der Want 1987; Salazar 1996; Struik and Wiersema 1999) .
In general, PLRV and PVX infections show severe visual symptoms (upward rolling of leaflets for PLRV; stunting, mosaic patterns on leaflets for both PLRV and PVX), PVY and PVA infections show mild visual symptoms (mild mosaic, tip necrosis), and PVS and PVM infections are usually symptomless (Loebenstein et al. 2001) . However, visual symptoms can vary depending on cultivar, virus strain, synergisms in mixed infections, and environmental conditions (Döring 2011) .
To overcome the existing constraint of poor seed quality in Eastern Africa, a seed degeneration management technology, known as positive selection, was found to be highly effective in increasing the low tuber yield; this technology was associated with reduced virus incidence for PLRV, PVX, and PVY (Gildemacher et al. 2011; Schulte-Geldermann et al. 2012) . When carrying out positive selection, the healthiest looking plants in ware potato crops are pegged and selected just before full flowering to identify plants of which tubers will serve as seed for the next season (Gildemacher et al. 2007) . Two weeks after selecting, the positive-selected plants have to be checked for being still without symptoms. At harvest, tubers from selected plants are separately collected from those of nonselected plants and used in the next season as seed tubers for the next crop, after checking their health status visually and selecting the appropriate size. In this way, the best looking tubers from the healthiest looking plants are planted in the next season and are expected to produce relatively healthy plants and progeny tubers, with reduced virus infection and increased yield potential compared with standard farmers' procedures of seed selection .
To the best of our knowledge, until now, literature reports on positive seed selection were limited to investigations including only one growing cycle of multiplication and three viruses (PLRV, PVX, PVY). The current research focuses on examining and understanding positive selection for maintaining quality of the seed potato stock, with regeneration across multiple cycles, for six viruses (PLRV, PVX, PVY, PVA, PVS, and PVM) differing in severity of symptoms and method of transmission. Different locations of seed production, various sources of seed, and different cultivars were included in the field experiments.
The objectives of this study were to analyse how the incidence of contrasting viruses across several seasons of multiplication changes using different seed selection methods (positive selection, farmers' selection) under the climatic conditions in southwestern Uganda and in seed lots from different origin and starting quality. Specific research questions were (1) whether positive selection across several field generations could lead to a reduction in virus infection (regeneration) in different seed lots; (2) whether positive selection could maintain a high health status of tubers when healthy 3G 1 seed tubers from the national Ugandan research station are used; and (3) whether seeds from positive selection have a reduced virus incidence compared to those from farmers' selection. Knowledge acquired in this research can contribute to a deeper understanding of the dynamics of viral diseases in the potato crop and of the role of positive selection in reducing seed degeneration. Such knowledge could also help to sustainably improve the availability of high-quality seed tubers in Uganda and other East African countries by own-produced seed. It could also help to design alternative seed systems suitable for low-income countries with limited opportunities to implement strict seed certification schemes.
Materials and Methods

Experimental Design
Three multi-season field experiments were carried out across four production seasons at three locations in Kabale district in the main potato production region of southwestern Uganda. Details of all locations and experiments are presented in Table 1 . For the first two experiments, two high-quality 3G seed tuber lots were obtained from the Kachwekano Zonal Agricultural Research and Development Institute (KAZARDI), one seed tuber lot from cv. Victoria and one seed tuber lot from cv. Katchpot 1. Experiment 1, with both seed lots, was planted in the fields of the research station KAZARDI located in Karengyere (2433 m asl); Experiment 2, with the same seed lots, was planted in the fields of the research station in Kabale (2246 m asl). In Experiment 3, three seed sources were used: (a) 4G seed potatoes of cv. Victoria from the Ugandan National Seed Potato Production Association (UNSPPA); (b) seed potatoes of cv. Victoria from the local market (unknown generation); and (c) 5G seed potatoes of cv. Rwangume from a local farm which saved seed potatoes for own use. Experiment 3, with these three seed sources, was planted in the fields of a local farm in Hamurwa (2220 m asl).
Planting took place in four subsequent seasons: October 2013 (1st season 2013 long rainy season (LRS)), April 2014 (2nd season 2014 short rainy season (SRS)), October 2014 (3rd season 2014-LRS), and April 2015 (4th season 2015-SRS). Two growing seasons in one calendar year were used because of the two rainy seasons (LRS and SRS) in this region and because planting potato in both seasons is a common practice in Kabale district (Gildemacher et al. 2009) .
The experiments had a split-plot design with the seed potato lot as main factor and the seed selection method as a sub factor in three replicated blocks. In the experiments, four seed selection methods were applied: (a) positive selection (PS) in all seasons (further referred to as PS-PS-PS), (b) farmers' selection (FS) in all seasons (further referred to as FS-FS-FS), (c) alternating seed selection in the seasons starting with positive selection in the 1st season (further referred to as PS-FS-PS), and (d) alternating seed selection in the seasons starting with farmers' selection in the 1st season (further referred to as FS-PS-FS) (Fig. 1) . The 4th season is lacking in these codes because that season was used to assess the quality of the tubers produced in the previous seasons. Because some treatments only started to differ later in the 2nd season, the data on the 1st season presented in Table 2 are based on the double number of plots.
In one gross experimental plot, 60 tubers were planted in six rows with a row spacing of 70 cm and a seed spacing within the row of 30 cm; for the net plot, the border plants in the outer rows were excluded, so in total 40 tubers or plants in the net plot were used for the assessment. In the PS treatment, 15 plants from the 40 tubers in the net plot were selected for positive selection, which accounts for plants from 37.5% of all seed tubers planted in the net plot. The harvest of those 15 plants was needed to achieve enough medium-sized seed potatoes for the next planting season under the conditions in Kabale district in southwestern Uganda. Under PS, the 15 best looking plants in the plot were selected just before full flowering (65-73 DAP), and those plants were checked again 2 weeks later (Table 1 ). In the FS plots, plants were not selected during crop growth and medium-sized seed tubers were selected by farmers at planting time from the stored tuber bulk of the former harvest. In the PS treatments, plants were selected during crop growth and seed tuber selection was done by farmers at planting time by selecting medium-sized seed tubers from the stored PS-plants tubers. For each of the four treatments, the replicated plots were combined before selecting the seed tubers. Fertilisation was done with 45 kg N/ha at planting in each season, based on NPK 17:17:17, and further crop management was done according to general recommendations to farmers (Table 1) .
Sampling Method of Plants and Tubers for Virus Testing
To assess the virus incidence in the crops grown from the original seed lots and to assess the virus incidence in the plants selected for positive selection, leaves were sampled in the 1st season in Experiments 1 and 3 2 on the day of PS, which was just before full flowering. In the plots receiving positive selection, leaves were sampled from 10 of the 15 positive selected plants. For the plots where no selection took place (FS plots), samples were taken from 10 random plants per net plot. These samples represent the virus status of the crops from the original seed lot and the virus status of the plants used for FS and PS.
2 For technical reasons, no leaf samples were taken in the 1st season from Experiment 2.
SelecƟon treatment code
Original seed lot planted PS To determine the virus status of the tubers produced in the different treatments during the 1st, 2nd, and 3rd seasons, leaf samples of 10 plants were taken in each net plot from the newly emerged plants from these tubers in the 2nd, 3rd, and 4th season, respectively, when plantlets were approximately 15 cm tall (24 to 30 DAP; Table 1 ).
PS planted PS
FS planted PS
FS planted
PS-PS-PS FS-FS-FS PS-FS-PS FS-PS-FS
The leaf sample per plant consisted of three leaflets, one from each of the upper three leaves. Those three leaflets were combined in one sampling bag. All leaf samples were transported by airplane in a cardboard box to the Netherlands within 2 days, stored at −80°C and analysed for virus infection at the end of the experiments. All leaf samples were destroyed after analyses were concluded.
Assessing Virus Infection
To assess the virus incidence in crops and PS selected plants from the original seed lots in the 1st season, the infection by PLRV, PVX, PVY, PVA, PVS, and PVM in each of 10 plants per plot was assessed with DAS-ELISA according to a standard protocol (Prime Diagnostics) with polyclonal antibodies obtained from Prime Diagnostics® (Primediagnostics 2013 ).
To assess the virus incidence in the seed tubers produced in a season, leaves from 10 newly emerged (in the next season) plants per net plot were assessed with the Luminex xMAP technology (van der Vlugt et al. 2015) according to the standard protocol (Primediagnostics 2013) . Samples were tested for six potato viruses PLRV, PVX, PVY, PVA, PVS, and PVM simultaneously with a Luminex xMAP kit based on DAS-ELISA polyclonal antibodies supplied by Prime Diagnostics® (Primediagnostics 2013) . Samples were considered virus-positive when values for optical density at 405 nm (OD 405) in ELISA or xMAP Mean Fluorescent Intensities (MFIs) were higher than the total of the average of six negative controls plus three times the standard deviation of the negative controls.
We compared DAS-ELISA and Luminex in numerous samples, and the two methods produced the same results and showed the same sensitivity.
If a sample was free of the viruses tested, this plant was considered clean.
Haulm Removal, Tuber Harvest and Tuber Storage
Haulm removal was done manually between 96 to 111 days after planting when plants had reached final maturity (Table 1) . At harvest, between 111 to 118 days after planting (Table 1) , all tubers from the selected plants in plots receiving PS were separately harvested. During storage, the individual replicates of one treatment were combined and stored separately from the tubers of the other treatments. In plots receiving FS in a given season, all tubers were harvested. All tubers were stored on wooden shelves either in a dark wooden shed (Experiment 2) or in diffuse light storage (Experiments 1 and 3), all with insecticide a.i. Malathion 57% sprinkled on top and covered with grass locally called BKikuyu^(Pennisetum clandestinum) and couch grass (Digitaria abyssinica). Storage duration of the tubers was between 69 and 75 days (Table 1) .
Monitoring Aphid Abundance and Weather Data
To monitor aphid pressure, three yellow water traps were placed in the middle of each of the three blocks in each experiment in Seasons 2 to 4. Rectangular yellow plastic traps (35.0 cm × 25.0 cm × 8.0 cm, l × w × h) were filled to two thirds with tap water and a small amount of dish washer detergent added to decrease surface tension. Traps were installed in the fields after sampling of the leaves of the emerged plants in order to avoid possible early attraction and influx of aphids. Aphids were collected weekly and counted, but no distinction was made between species (Fig. 2) . -6.6.2014 6.6.-14.6.2014 14.6.-20.6.2014 20.6-27.6.2014 27.6.-4.7.2014 13.11.-20.11.2014 20.11.-4.12.2014 4.12.-18.12 Weather data were derived from the internet platform aWhere (2016) for Experiment 2 (Fig. 3) ; for Experiment 1, manually monitored rain data were recorded at the KAZARDI station in Karengyere (Table 1) . No reliable weather data were available for Experiment 3.
Statistical Analysis
Data were analysed using GenStat for Windows 18th Edition (VSN International 2016). General Analysis of Variance was used to test the effect of the factors selection method, season, and seed lot and their interactions on incidence of the individual viruses and the proportion of plants free of virus. Angular transformations of proportions were made before analysis (Fernandez 1992) . When proportions were equal to 0 or 1, a replacement was done by (1/4n) and [1-(1/4n)], respectively, where n represents the total number of leaf samples per net plot (Fernandez 1992) . The data from the plants and tubers produced in the first season (Table 2 ) had double the number of plots for treatments because the two alternating treatments (PS-FS-PS and FS-PS-FS) only started to differ from the two consistent treatments (PS-PS-PS and FS-FS-FS) from the end of the second season onwards. In the analysis, contrasts between the four selection treatments across multiple seasons were used to test for differences between individual selection treatments. Where the P value in the ANOVA showed significant effects or interactions (P < 0.05), Fisher's protected least significant difference (LSD) test at α = 0.05 was applied. 
Selection treatment PS-PS-PS vs FS-FS-FS PS-PS-PS vs PS-FS-PS PS-PS-PS vs FS-PS-FS PS-FS-PS vs FS-FS-FS PS-FS-PS vs FS-PS-FS FS-PS-FS vs FS-FS-FS
Selection treatment × season PS-PS-PS vs FS-FS-FS × linear season PS-PS-PS vs PS-FS-PS × linear season PS-PS-PS vs FS-PS-FS × linear season PS-FS-PS vs FS-FS-FS × linear season PS-FS-PS vs FS-PS-FS × linear season FS-PS-FS vs FS-FS-FS × linear season
Selection treatment × seed lot PS-PS-PS vs FS-FS-FS × seed lot PS-PS-PS vs PS-FS-PS × seed lot PS-PS-PS vs FS-PS-FS × seed lot PS-FS-PS vs FS-FS-FS × seed lot PS-FS-PS vs FS-PS-FS × seed lot FS-PS-FS vs FS-FS-FS
Selection treatment PS-PS-PS vs FS-FS-FS PS-PS-PS vs PS-FS-PS PS-PS-PS vs FS-PS-FS PS-FS-PS vs FS-FS-FS PS-FS-PS vs FS-PS-FS FS-PS-FS vs FS-FS-FS
Selection treatment × season PS-PS-PS vs FS-FS-FS × linear season PS-PS-PS vs PS-FS-PS × linear season PS-PS-PS vs FS-PS-FS × linear season PS-FS-PS vs FS-FS-FS × linear season PS-FS-PS vs FS-PS-FS × linear season
Selection treatment × seed lot PS-PS-PS vs FS-FS-FS × seed lot PS-PS-PS vs PS-FS-PS × seed lot PS-PS-PS vs FS-PS-FS × seed lot PS-FS-PS vs FS-FS-FS × seed lot PS-FS-PS vs FS-PS-FS × seed lot FS-PS-FS vs FS-FS-FS
Selection treatment × season × seed lot PS-PS-PS vs FS-FS-FS × linear season × seed lot PS-PS-PS vs PS-FS-PS × linear season × seed lot PS-PS-PS vs FS-PS-FS × linear season × seed lot PS-FS-PS vs FS-FS-FS × linear season × seed lot PS-FS-PS vs FS-PS-FS × linear season × seed lot FS-PS-FS vs FS-FS-FS
Selection treatment PS-PS-PS vs FS-FS-FS PS-PS-PS vs PS-FS-PS PS-PS-PS vs FS-PS-FS PS-FS-PS vs FS-FS-FS PS-FS-PS vs FS-PS-FS FS-PS-FS vs FS-FS-FS
Selection treatment × season PS-PS-PS vs FS-FS-FS × linear season PS-PS-PS vs PS-FS-PS × linear season PS-PS-PS vs FS-PS-FS × linear season PS-FS-PS vs FS-FS-FS × linear season PS-FS-PS vs FS-PS-FS × linear season FS-PS-FS vs FS-FS-FS × linear season
Selection treatment × seed lot PS-PS-PS vs FS-FS-FS × seed lot PS-PS-PS vs PS-FS-PS × seed lot PS-PS-PS vs FS-PS-FS × seed lot PS-FS-PS vs FS-FS-FS × seed lot PS-FS-PS vs FS-PS-FS × seed lot FS-PS-FS vs FS-FS-FS × seed lot
Selection treatment × season × seed lot PS-PS-PS vs FS-FS-FS × linear season × seed lot PS-PS-PS vs PS-FS-PS × linear season × seed lot PS-PS-PS vs FS-PS-FS × linear season × seed lot PS-FS-PS vs FS-FS-FS × linear season × seed lot PS-FS-PS vs FS-PS-FS × linear season × seed lot FS-PS-FS vs FS-FS-FS
Results
Figures 4 and 5 show in detail the effects of the selection treatments on incidence of viruses in successive seasons, in the different seed lots and experiments. Table 3 shows the accompanying ANOVA analysis with significances of the effects of the factors (a) selection treatment, (b) season, and (c) seed lot and their interactions. For the factor selection treatment, the contrasts between the individual selection treatments were also tested, because in part of the selection treatments, the applied selection method varied over the seasons, thereby increasing the variation of the main effect. For the factor season, the significance of a linear component was tested indicating if there was a significant increase or decrease in virus incidence across multiple seasons of selection. No significant three-way interactions were found in any of the experiments. Table 4 shows the effects of the selection treatments across seasons and seed lots in the three experiments. Results of virus incidences are first described for the proportion of clean plants (tested negative for all viruses tested) and, thereafter, for viruses giving severe visible symptoms (PLRV and PVX), followed by mild visual symptoms (PVY and PVA) and weak visual symptoms (PVS and PVM).
Effects of Selection Treatments on Virus Incidence
Continuous positive selection (PS-PS-PS) in general decreased the virus incidence compared to continuous farmers' selection (FS-FS-FS) (Table 4; Fig. 5). The treatment with PS in two of the three seasons (PS-FS-PS) usually outperformed (when different)
the treatment with PS in only one of the three seasons (FS-PS-FS); however, differences between them were hard to detect as statistically significant (Table 3) . The percentage of clean plants was higher in the PS-PS-PS treatment than in the FS-FS-FS treatment for cv. Katchpot 1 and cv. Rwangume (Fig. 4) , with the differences being significant in Experiments 2 and 3 (Table 4 ). The relative increase of clean plants by PS-PS-PS treatment compared to FS-FS-FS treatment was 47% in Experiment 3 and 37% in Experiment 2 (Table 4 ). In the farm-saved seed lot of cv. Rwangume, an increase in time in the proportion of clean tubers took place. In the PS-PS-PS treatment, 93% of the tubers was clean after three seasons of selection and in the FS-FS-FS treatment 67%. In cv. Victoria, almost no clean plants were found in all three experiments.
The decrease in virus incidence by continuous positive selection (PS-PS-PS) compared to continuous farmers selection (FS-FS-FS) was statistically significant for PLRV and PVX in all experiments (Table 3) ; relative decreases up to 35 and 34%, respectively, were achieved (Table 4 ). For PLRV in Experiment 2, a significant two-way interaction between selection treatment and season (Table 3) showed that the difference in virus incidence between FS-FS-FS and PS-PS-PS increased with season.
PVY and PVA were generally present at low levels (Fig. 5, Table 4 ), and the decrease in virus incidence by applying positive selection compared to farmers' selection was not significant.
The decrease by applying positive selection was also not significant for the incidence of PVS in Experiments 1 and 2 with highly infected seed lots of cv. Victoria and PVM in both cultivars in Experiments 1, 2, and 3 (Fig. 5, Tables 3 and 4) . For PVS in Experiment 3, significant selection treatment × seed lot interaction (Table 3) showed that in the farm-saved seed lot of cv. Rwangume with intermediate infection levels of Different letters indicate significant difference between means according to LSD test at 5% level PS, positive selection FS, farmers' selection PVS, PS-PS-PS resulted in lower incidence of PVS than FS-FS-FS, whereas in the highly infected seed lots of cv. Victoria, there was no decrease in PVS incidence by positive selection (Fig. 5) .
Differences in Virus Incidence Between Seed Lots
In all experiments, there was a significant effect of the seed lot on the percentage clean plants (Table 3 ). All seed lots of cv. Victoria (5G, 4G, or market seed) showed almost no clean plants (Fig. 4) . The level was significantly lower than that of the 3G seed lots of cv. Katchpot 1 in Experiments 1 and 2 and that of the 5G farm-saved seed lot of cv. Rwangume in the later seasons in Experiment 3 (Fig. 5) . PLRV and PVX were present at intermediate levels in all seed lots in all experiments. There were no effects of the seed lot on PLRV incidence in Experiments 1 and 3 (Table 3) , whereas in Experiment 2, the 3G seed lot of cv. Victoria had a higher PLRV incidence than the 3G seed lot of cv. Katchpot 1 (Fig. 5) . PVX incidence was significantly higher in the 3G seed lot of cv. Victoria than in that of cv. Katchpot 1 in Experiments 1 and 2; it was not affected by the seed lot in Experiment 3 (Table 3) . No significant interactions between seed lot and other experimental factors were found for incidence of these viruses.
In general, a low incidence of PVY and PVA was found in Experiments 1 and 2 (Fig.  5 ) and there were no significant effects of seed lot on the incidence of PVY and PVA in these experiments (Table 3) . In Experiment 3, effects of seed lot were significant for PVY (Table 3) , with higher incidences in the 4G and market seed lots of cv. Victoria than in the 5G farm-saved seed of cv. Rwangume (Fig. 5) ; no significant effects of seed lot on PVA incidence were found in Experiment 3 (Table 3 ). Regarding PVY and PVA incidence, there were no significant interactions between the experimental factors in the experiments. In seed lots from cv. Victoria, PVS and PVM incidences were very high in all seasons at almost 100% in all experiments, whereas seed lots from cv. Katchpot 1 (in Experiments 1 and 2) and cv. Rwangume (in Experiment 3) had significantly lower incidences of PVS and PVM (Fig. 5 ). Significant linear season × seed lot interaction showed that in Experiment 1, the difference between seed lots in PVS incidence tended to become smaller with season. Significant seed lot × selection treatment and seed lot × season interactions in Experiment 3 showed that the difference between seed lots in PVS incidence was larger under PS-PS-PS than under FS-FS-FS treatment, and that differences in incidence between seed lots increased with season (Table 3, Fig. 5) . In Experiments 1 and 2, a significant seed lot × selection treatment interaction was found for PVM incidence.
Changes in Virus Incidence Over Time
Because different selection methods were thought to exert their effects season after season, with the difference between them becoming gradually larger with time, it was expected that there would be significant interactions between season and selection treatment, especially between season and the contrast between continuously positive selection and continuously farmers' selection.
There were no significant changes across the seasons in percentage of clean plants in Experiments 1 and 2, nor any significant interactions between seed lot and season or the contrast between PS-PS-PS and FS-FS-FS and season (Table 3) ; this shows that the percentage of clean plants did not change differently in time between the seed lots or between the most extreme selection treatments. Only incidental interaction between season and the contrast between continuous positive selection and the treatment in which positive selection was interrupted by one season of farmers' selection was found in Experiment 2.
The virus incidence often fluctuated strongly over seasons for viruses present at intermediate levels, like PLRV and PVX in all seed lots and PVY and PVA in the seed lots of Experiment 3 (Fig. 5) . There was limited fluctuation in time for viruses present at almost 100% incidence, like PVS and PVM in seed lots of cv. Victoria, or present at very low levels, like PVY and PVA in Experiments 1 and 2 (Fig. 5) .
For PLRV and PVX, present at intermediate levels in all experiments, the virus incidence usually fluctuated strongly over seasons (Fig. 5) , whereas main effects of season were not significant. In Experiment 2, significant interactions between season and selection treatment (for PLRV) and between season and the contrast between continuously FS and continuous PS (for PVX) showed that the difference between FS-FS-FS and PS-PS-PS in incidence of these viruses significantly increased with time (Table 3) ; the lowest PLRV incidence was found when PS-PS-PS was applied. In Experiment 3, PLRV and PVX incidence tended to decrease significantly with time in cv. Victoria/UNSPPA and cv. Rwangume (Fig. 5) .
In Experiments 1 and 2, no or a low incidence of PVY and PVA was found. A weak linear increase across the seasons was present for PVA in Experiment 1, but no further season-related effects were observed for PVY or PVA in these experiments (Fig. 5 , Table 3 ). In Experiment 3, the incidence in PVY and PVA fluctuated across seasons. None of the changes in PVY and PVA incidence across seasons was related to the selection treatments affecting these changes, as shown by the lack of selection treatment × season interactions (Table 3) .
In seed lots from cv. Victoria, PVS and PVM were present in all seasons at almost 100% incidence in all experiments, whereas the seed lots from cv. Katchpot 1 in Experiments 1 and 2 and from cv. Rwangume in Experiment 3 had lower incidences of PVS and PVM (Fig. 5) . In Experiment 1, the difference in PVS incidence between seed lots tended to decrease linearly with time as shown by a significant interaction between the linear component of season and seed lot (Table 3) ; this was found because, while cv. Victoria remained almost fully infected in time, the infection levels in cv. Katchpot 1 increased in time. No significant effects of season or interactions between seed lot and season were found in Experiment 2. In Experiment 3, again the interaction between seed lot and the linear component of season was significant. Also, in Experiment 3, the two seed lots from cv. Victoria remained fully infected in time, but in contrast to Experiment 1, the PVS incidence in the third seed lot, now the 5G farmsaved seed lot of cv. Rwangume in which a very high incidence was present in the 2nd season (SRS-2014) , declined efficiently in the subsequent seasons (Fig. 5, Table 3 ). In none of the experiments was the seed lot-specific decrease or increase in PVS incidence in time driven by the selection treatments, because there were no significant three-way interactions. For PVM incidence, there were no effects of season in Experiment 1, whereas small linear changes in time were found in Experiments 2 and 3. In Experiment 2, there was a decrease over time in cv. Katchpot 1. In Experiment 3, across the seasons, there was a significant increase in PVM incidence. No interactions with season were significant for PVM incidence.
Aphid Monitoring
Aphid catches varied among the three locations and among seasons (Fig. 2) . The highest records of aphids were found in Karengyere, the location of Experiment 1, in the short rainy seasons 2014-SRS, with a total number of 2121, and 2015-SRS, with a total number of 3096. In the long rainy season 2014-LRS, a total number of 385 were counted. In Kachwekano, the location of Experiment 2, the total number was 557 in the 2nd season, 2014-SRS, and 303 in the 4th season, 2015-SRS, while in the 3rd season, 2014-LRS, a total number of 226 were recorded. The 3rd season 2014-LRS was characterised by rainfall throughout the growing period; in the 1st season 2013-LRS and 3rd season 2014-LRS, rainfall spread more throughout the season than in 2014-SRS and 2015-SRS (Fig. 3) . In Experiment 3, the lowest total number of the aphid catches was found with 265 in the 2nd season 2014-SRS and 140 in the 4th season 2015-SRS; in the 3rd season 2014-SRS, 84 aphids were caught. At all three sites, aphid flights were prevalent before and during the recommended period for positive selection.
Virus Incidence in Crops from the Starting Seed Lots
Due to technical inability in setting up a local virus testing facility, the virus incidence in the starting seed lots in the first season could not be assessed immediately after emergence as in later seasons, but only at the moment of positive selection, i.e., just before full flowering. In the crops grown from the 3G seed lots in the first season in Experiment 1 (Table 2) , 5% of the plants of cv. Victoria and 75% of the plants of cv.
Katchpot 1 were fully free of virus at that moment (Table 2 ). In cv. Victoria, considerable incidence of PLRV and PVX was found (20 and 23% of the plants, respectively), a low level of PVY (5%), no PVA and high levels of PVS and PVM (95 and 63%, respectively) . In the crop from cv. Katchpot 1, the incidences of PLRV and PVX were low (3 and 7%, respectively), and for PVY and PVA incidental (each 2%). In crops from the seed lot of this cultivar, a PVS incidence of 17% and a PVM incidence of 25% were found.
In Experiment 3, there were no fully virus-free plants in the crops from the 4G UNSPPA and local market seed lots of cv. Victoria, but notably, 47% virus-free plants in the crop from the 5G farm-saved seed of cv. Rwangume. All three crops showed minor infections with PLRV (2, 8, and 7%, respectively) and (minor) infections with PVX (UNSPPA 5%, local market 3%, farm-saved seed 18%). Incidence of PVY was absent in the seed lot from UNSPPA, and low in the market and farm-saved seed lots (2%); PVA was found to a minor extent in all three seed lots (5, 7, and 7%, respectively) . Also in this experiment, crops from the cv. Victoria seed lots (from UNSPPA and the local market) showed high infection with PVS (100%) and PVM (65 and 78%, respectively); in plants from the farm-saved seed lot of cv. Rwangume, these viruses were also present but at a much lower level (PVS 32%, PVM 12%).
Efficiency of Plant Selection Regarding Virus Incidence in the First Season
Comparing the virus incidences in the full plots from the original seed lots to the virus incidence in the PS plants selected in the first season (Table 2 ) revealed that PS reduced the incidence of PLRV and PVX in the plants to be used for seed production to low levels in cv. Victoria and to no infection in cv. Katchpot 1 in Experiment 1 (Table 2) , but the effects were hardly significant (P = 0.051, Table 2 ). For PVY and PVA, where virus levels were already lower than those of PLRV and PVX, the reduction in virus incidence by selecting PS plants was not significant. There were also no significant differences between incidence levels in plants from the original seed lot and PS selected plants for the other viruses (PVS and PVM) in Experiment 1, nor for any of the viruses in Experiment 3 (Table 2) .
We noticed there were large differences in the fraction of plants with PLRV and PVX between replicated plots in both experiments, with some plots being fully clean and others infected to a considerable extent. In Experiment 1, the blocks were laid out in a linear outline starting from Block I to Block III. In Block III and especially in the last plots, incidences of PLRV were highest, probably because these plots were closest to the border of the field with bushes. Also, PVX incidences were most abundant in the last plots. In Experiment 3, most incidences of PLRV and PVX were found in the outer plots of the blocks.
Increase in Virus Incidence After Plant Selection
The quality of the tubers produced after a season of selection was assessed in plants soon after emergence in the next season; the early time being necessary to avoid possible early primary infections interfering with the assessment. In the second season (2014-SRS), tuber data at emergence could be compared with the data of the plants they originated from at the moment when positive selection took place (2013-LRS).
Regardless of the selection treatment, the virus incidence in the plants from these tubers was considerably higher than the incidence found in the plants they originated from at the moment before full flowering (i.e., the moment at which positive selection also took place), whereas the percentage of clean plants (when present) was lower (Table 2 ). This suggests that the infection levels increased in the period between selecting plants and planting in both selection treatments.
Discussion
Reduction of Virus Incidence by Positive Selection as Compared to Farmers' Selection
Our results clearly show that crops planted with seeds from positive selection have a reduced virus incidence compared to those from farmers'selection when the treatments are applied over multiple (in our case, three) seasons, thereby reducing the level of secondary infection in the next-season crop (Tables 3 and 4 ; Figs 4 and 5). Selection treatments in which positive selection was applied in one or two out of the three seasons took an intermediate position. However, this reduction of virus incidence by positive selection was not found for all virus species, and the reduction was less strong than expected based on Gildemacher et al. (2011) and Schulte-Geldermann et al. (2012) .
Positive Selection for Different Virus Species The reduction in virus incidence by positive selection was clear for PLRV and PVX in all seed lots. These virus species display clear visual symptoms (Loebenstein et al. 2001) and were present at intermediate incidence (Fig. 5) . Incidences of PVY and PVA (displaying mild visual symptoms) could be maintained at the levels as assessed after emergence in the 2nd season, despite the small (not significant) trend to increase at the end in Experiment 2 in Kachwekano. Symptoms for PVS and PVM are poorly visible in the crop (Loebenstein et al. 2001) . The initial high percentage of incidence for PVS and PVM in cv. Victoria also explains why positive selection was not able to significantly increase the percentage of clean plants in seed lots from this cultivar (Tables 3 and 4 ). The levels of PVS and PVM in cv. Katchpot 1 could reasonably be maintained across years by positive selection, especially in Experiment 2. In cv. Rwangume in Experiment 3, a decrease in PVS incidence was found across seasons (Fig. 5 ), but this was not exclusively found under PS-PS-PS management. Cv. Rwangume might be resistant to PVS and may be able to combat the virus itself. However, the incomplete autoinfection of tubers may be important (Bertschinger et al. 2017) . Incomplete autoinfection will result in planting partly clean seed because not all daughter tubers of an infected plant will be infected. A regeneration (meaning more clean plants) of a degenerated crop might be enhanced by applying positive selection in cv. Rwangume, because of a higher percentage of cleaner plants. In all other seed lots, a regeneration by applying positive selection was possible for selected viruses present at intermediate incidence levels, like PLRV and PVX. The clear significant effect of the seed lots, which was attributed to the different cultivars tested in the experiments, is in line with the results of Schulte-Geldermann et al. (2012) that cultivars or genotypes differ in their response to the tested viruses.
Reasons for Limited Gain by Positive Selection There are several possible reasons why positive selection did not reduce the virus level as strongly as we expected in advance.
An important factor for the limited gain by positive selection may be a high (risk for) primary infection in this region, because of (i) a high basic level of virus incidence in the environment, as shown by Fuglie (2007) , with even the 3G seed lots having a high incidence of PVS and PVM (Fig. 5, Table 2 ) and (ii) a high risk of virus transmission. The high risk of virus transmission in our experiments can be shown by (1) the seasonal fluctuations in all selection treatments that indicate reinfection occurred (Fig. 5) and (2) the increase in virus incidence after the moment of selecting in the first season (Table 2) . A high risk of virus transmission in the region might be caused by (a) the presence of aphids already before and after the moments of positive selection (Fig. 2) , (b) field traffic including manual spraying, and (c) the relatively small plot size (Pourrahim et al. 2007 ). The average area of potato plots in Kabale and Kisoro districts was shown to be 0.23 ha (Kaguongo et al. 2008 ). In our experiments, the small experimental plots and the presence of farmers' selection plots will have aggravated this risk for primary infection. For mechanical spread of viruses, the movement of the sprayer through the field (to spray against Phytophthora infestans) or walking through the potato plots to select the plants might have enhanced virus spread, particularly for PVX. Different aphid pressure throughout the seasons (Fig. 2) and different locations including neighbouring crops (Table 1 ) may determine infection pressure through the presence and abundance of aphid-transmitted virus diseases (e.g., PLRV) (Fig. 2) . Windy and open environments do not favour aphid pressure, which might be the reason for the low number of aphids in Experiment 3.
Another reason for achieving less reduction in virus incidence by positive selection than expected (Fig. 5) and a lower number of clean plants (Fig. 4) will have been the low selection pressure possible in the plots. Bacterial Wilt (Ralstonia solanacearum) was common in many fields limiting the number of plants available for positive selection. Moreover, a minimum number of seed tubers were needed to plant the field experiments for the next season; therefore, it was necessary to choose and select 37.5% of the plants in the net plot. At the yield levels in Uganda, this is a realistic proportion for a farmer's field in order to have enough medium-sized seed tubers for the same area of land in the next season, due to low multiplication rate of the plants. Besides, it turned out to be very difficult to find fully vigorous plants, which might be attributed to the growing conditions in this region, such as poor soil fertility and poor rainfall, which reduce plant vigour as well.
Seed Tuber Quality of the Starting Seed Lots
The seed tuber quality of the starting seed lots (as assessed in crops from these tubers at the moment of flowering) of the different sources and cultivars varied but was not always as expected. The quality declared 3G and 4G seed of the research station KAZARDI, and the private seed grower UNSPPA, respectively, was expected to be clean or contain little virus, but this was not the case. Of the 3G plants, 5-75% was clean, whereas no clean plant was found in the crop from the 4G UNSPPA seed lot ( Table 2) . Incidence of PVS and PVM was already high in crops from these tubers, particularly for cv. Victoria. Cultivar Victoria may be more susceptible to PVS and PVM infection than cv. Katchpot 1, of which the original 3G seed had the lowest virus incidence of all seed lots, with 75% clean plants. The high incidence of these viruses suggests that PVS and PVM are not reliably selected against in the seed system sector. PVS and PVM also showed high incidence in the seed lot from the local market and to some extent in the farm-saved seed lot in Experiment 3.
Recycled seed potatoes from the informal sector like the market seed were expected to have the highest virus incidence, but surprisingly low levels of PLRV, PVX, PVY, and PVA were found. This also held for the farm-saved 5G seed of cv. Rwangume which was healthier than expected with 50% clean plants.
Efficiency of Plant Selection
In the first season, the virus incidence in the positive-selected plants was assessed at the moment of positive selection and compared to that in the unselected FS crops (Table 2) . Although virus infection levels were generally lower or even zero in the positive selection plants, this turned out to be barely statistically significant (P = 0.051 for PLRV and PVX in Experiment 1). This lack of significance was at least partly due to infections being localised, resulting in an uneven distribution of the virus in the blocks and plots, which greatly increased variation.
Recommendations
Positive selection is selecting plants based on visual symptoms, which is relevant for innovative seed system management practices in low-income countries. The research showed that positive selection can be a long-term strategy to keep incidence of viruses with clear visual symptoms in plants at lower levels than in farmers' selection. However, it is hard to flush out viruses where no obvious symptoms occur or when seed lots are fully infected; therefore, positive selection also has limitations. Another overall solution to combat degeneration is to use virus-free and virus-resistant planting material from institutes and private seed growers, which currently might be difficult to purchase in Uganda. Therefore, institutes and private seed growers should invest in more reliable virus testing and seed production management. However, due to financial constraints of smallholder farmers, this cannot be seen as a silver bullet for Uganda (Thomas-Sharma et al. 2016) . Another recommendation for farmers might be seed plot technology (Kakuhenzire et al. 2005; Kinyua et al. 2015) where a separate plot of tubers is grown for production of seed tubers. Within this plot, positive selection is applied and tubers from the selected plants are used to establish the next-season seed plot, whereas the remaining tubers are used to grow the ware crop. Positive selection as an innovative seed degeneration management method for resource poor farmers is currently the best-to-fit and a resilient method; this suggests farmers have to be trained in good seed management practices to achieve the best possible potato yields.
